The exposure of mammalian cells to ultraviolet (u.v.) irradiation leads to activation of transcription factors, such as AP-1 and NFkB. It is postulated that the EGF receptor but not protein kinase C (PKC) is the major membrane mediator in UVC-induced signal transduction. We demonstrate here that the antisense oligonucleotides of PKCz and the dominant negative mutant of PKCl/i as well as dominant negative PKCz markedly blocked UVC-induced AP-1 activity. In contrast, UVC-induced AP-1 activity in cells devoid of the EGF receptor (B82), is not signi®cantly dierent from that of the stable transfectants with a kinase-de®cient EGF receptor (B82M721), or wild-type EGF receptor (B82L). This was found at all UVC irradiation doses and time courses studied, while high levels of EGF-induced AP-1 activity were observed in B82L cells but not in B82 cells. This evidence strongly suggests that atypical PKCs, but not the EGF receptor, is necessary for UVC-induced AP-1 activation in JB6 and B82 cells.
Introduction
Ultraviolet (u.v.) in solar light elicits a number of biological eects in the skin, including pigmentation, erythema and cell death (Forbes et al., 1976; Fitzpatrick et al., 1976; Epstein, 1983) . Of particular concern is the role of u.v. irradiation as a major etiologic factor in the development of human skin cancers (Forbes et al., 1976; Fitzpatrick et al., 1976; Epstein, 1983; Setlow, 1974; Kusewitt et al., 1993) . Experimentally, u.v. irradiation acts as both a tumor initiator and as a tumor promoter in animal models (Staberg et al., 1983; Strickland, 1986) . The exposure of mammalian cells to u.v. irradiation, including short (UVC, 200 ± 280 nM) and long (UVA, 320 ± 400 nM) wavelengths, as well as mid-wavelengths (UVB, 280 ± 320 nM), leads to a large number of changes in cells, such as activation of transcription factor AP-1 and NFkB and P53 (Stein et al., 1989; Devary, 1991; Ronai and Weinstein, 1988; . AP-1 (and another transcription factor, NFkB) has served to detect one of the decisive DNA binding motifs required for gene regulation by tumor promoters, such as 12-O-tetradecanoylphorbol-13-acetate (TPA), 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and u.v. irradiation (Angel et al., 1987a (Angel et al., , 1995 Dong et al., 1994a Dong et al., , 1995 Derijard et al., 1994; Devary et al., 1991 Devary et al., , 1993 . Through comparison of promotion sensitive (P + ) and promotion-resistant (P 7 ) derivatives of the mouse epidermal JB6 cell lines, we and others have found that AP-1 plays a critical role in tumor promotion (Dong et al., 1994a (Dong et al., , 1995 Huang et al., 1996a, b) . AP-1 is only activated in P + cells, but not in P 7 cells (Bernstein and Colburn, 1989) . Furthermore, blocking the tumor promoterinduced AP-1 activity inhibited neoplastic transformation (Dong et al., 1994a, b; Huang et al., 1996c) . In nude mice, the overexpression of a dominant negative mutant of Jun caused PDV carcinoma cells to lose their tumorigenicity Bowden et al., 1994; Borchers et al., 1994) . Inhibition of AP-1 activity in transformed JB6 RT101 cells caused reversion of the tumor phenotype (Dong et al., 1995a, b; Lavrovsky et al., 1996) . In light of AP-1 activation by tumor promoters and the important role of induced AP-1 activity in tumor promoter-induced transformation, the u.v.-induced AP-1 response may have an important role in tumor promotion (Dong et al., 1994a (Dong et al., , 1995a Brown et al., 1993; Kerr et al., 1988) .
The EGF receptor (EGFR) is a 170 kDA transmembrane protein with intrinsic tyrosine kinase activity (Maihle and Kung, 1988) . Ligand-induced activation of the receptor results in phosphorylation and activation of a number of substrates, including mitogen-activated protein (MAP) kinase (Carpenter and Cohen, 1991; Eldredge et al., 1994) . The intrinsic kinase activity of the EGFR is responsible for many of the pleotropic intracellular eects (Honegger et al., 1987; Chen et al., 1987) . Reports from a number of laboratories have established that UVC irradiation activates signal transduction pathways that extend from the cell membrane (Sachsenmaier et al., 1994; Devary, 1991 Devary, , 1993 and feed into common signal transduction pathways whose components are mostly shared among TPA and growth factors (Pelech and Songhere, 1992; Karin and Smeal, 1992) . It was reported (Sachsenmaier et al., 1994) that the EGFR, but not protein kinase C (PKC), played a major role in UVC-induced response. This point of view is based on the UVC responses being inhibited by pretreatments of EGF, by suramin or by expression of a dominant-negative EGF receptor mutant (Sachsenmaier et al., 1994) , and were not inhibited by down-regulation of PKC with TPA pretreatment (Sachsenmaier et al., 1994; Buscher et al., 1988) . PKC belongs to a multigene family that encodes at least eleven distinct isoforms (Newton, 1995; Stable and Parker, 1991) . They can be classi®ed into three subgroups based on their sequence requirements for cofactors and response to dierent stimulators. They are conventional PKC (cPKC=a, b, bI, bII and g), novel PKC (nPKC=d, e, Z, and y) and atypical PKC (aPKC=l/i, z) (Newton, 1995; Stable and Parker, 1991) . cPKCs exhibit a strict requirement for phospholipids and Ca 2+ for their activation, while nPKCs do not need Ca 2+ to be activated. DAG or phorbol ester bind with cPKC and nPKC and cause activation while aPKC does not bind with DAG or phorbol ester. Phorbol ester can only down-regulate cPKC or nPKC, but not aPKC (Newton, 1995; Stable and Parker, 1991) . The experiment of pretreatment with TPA can only rule out the involvement of cPKC or nPKC in the UVCinduced signal transduction, but cannot rule out the role of aPKC or other unknown phorbol esterinsensitive PKCs in the UVC-induced AP-1 activation. Very recently, we found that UVB-induced AP-1 activation is blocked by overexpression of dominant PKCl/i (Huang et al., 1996c) . Therefore, it is necessary to reassess the role of the EGFR and PKC in UVCinduced AP-1 activation.
Results
Compound-5 methyl ester and tyrophostin AG1478 have no inhibitory eects on UVC-induced AP-1 activity Exposure of mammalian cells to u.v. irradiation results in a gene induction response which is mediated by transcription factors such as AP-1 and NFkB (Buscher et al., 1988; Radler-Pohl et al., 1993; Devary et al., 1991 Devary et al., , 1993 . Previous studies have reported that the UVC-induced signal is dependent on the intrinsic tyrosine-kinase of the EGF receptor. We tested this hypothesis by using compound 5-methyl ester and tyrophostin AG1478, two speci®c EGF receptortyrosine kinase inhibitors Osherov and Levitzki, 1994) . As shown in Figure 1 , these two inhibitors did not show signi®cant inhibition of UVCinduced AP-1 activation at dose ranges from 1 ± 2 mM and 100 ± 400 nM (noncytotoxic concentrations), respectively. They inhibited EGF-induced AP-1 activation to some extent in P + 1-1, an AP-1 reporter (773/ 63 Col-Luc) stable transfectant of JB6 cells (Figure 1) UVC induces a similar AP-1 response in murine ®broblasts with or without EGF receptor
The EGFR contains a cell-surface EGF binding domain of 621 amino acids separated from a cytoplasmic 542 amino acid domain by a 23 amino acid hydrophobic transmembrane sequence (Ullrich et al., 1984) . The receptor has intrinsic protein tyrosine kinase activity, which is responsible for many of the pleotropic intracellular eects (Honegger et al., 1987; Chen et al., 1987) . Murine ®broblast B82 is a mouse L cell line that contains no EGF receptors, as assessed by EGF binding as well as by RNA blot analysis (Lin et al., 1986) . B82L and B82M721 are transfectants of B82 cells generated by introducing wild-type human EGFR and tyrosine kinase-de®cient human EGFR (contain lysine 721 to methionine 721 mutation), respectively. These two variants express 350 000 ± 450 000 human EGF receptors per cell and have similar kD for EGF binding (Chen et al., 1987) . Membranes prepared from untransfected B82 cells showed no EGF-dependent autophosphorylation or phosphorylation of exogenous substrates (Chen et al., 1987) . Cell membranes from B82L cells exhibited a basal level of self-autophosphorylation which was markedly stimulated by EGF treatment. In contrast, membranes from B82M721 cells exhibited neither basal level nor EGF-stimulated protein tyrosine kinase activity (Chen et al., 1987) . Figure 1 In¯uence of compound-5 methyl ester and tyrophostin AG1478 on UVC-induced AP-1 activity. 5610 3 JB6 AP-1 reporter stable transfected P + 1-1 cells suspended in 5% fetal bovine serum (FBS) MEM were added to each well of 96-well plates. After an overnight cultured at 378C, the cells were starved by replacing the medium with 0.1% FBS MEM medium for 12 ± 20 h. Then, the cells were ®rst treated with dierent concentrations of compound-5 methyl ester (A) or tyrophostin AG1478 (B) for 30 min and sequentially were exposed to 30 J/m 2 of UVC irradiation. After 12 h, the AP-1 activity was measured by luciferase activity assay. The results are presented as relative AP-1 activity. Each bar indicates the mean and standard deviation of assays from triplicate wells. Each experiment was repeated twice These data indicate that the single substitution of methione for lysine at amino-acid position 721 of the human EGF receptor abolishes the intrinsic protein tyrosine kinase activity of the EGFR. Therefore, the B82 cells and its derivatives provide a unique model for studying the role of EGF receptors in UVC-induced AP-1 activation. To examine more directly whether EGFR or tyrosine-kinase of EGFR is involved in UVC-induced AP-1 activation, we transiently transfected the AP-1 reporter plasmid (773/63 Col-Luc) together with b-galactose plasmid to these wellcharacterized murine ®broblast variants, B82 and B82L cells. The results show that high levels of AP-1 activity were induced by UVC in both cell types (P40.05). EGF induced 1.93-fold increase in AP-1 activity in B82L cells, while parental B82 cells show no eect (Figure 2 ). These results suggest that EGFR is not necessary for UVC-induced AP-1 activity. To further con®rm our data, we established 10 single clone stable AP-1 reporter transfectants from B82, B82L and B82M721 cells, respectively. In order to avoid any bias from the pressure of cell selection, we also generated AP-1-luciferase`mass stable clones'. After transfecting cells in 100 mm dishes and selecting by G418 (400 mg/ml), more than 30 colonies per dish were grown. Instead of ring cloning of these cells, all of these colonies in the dish were grown as a`mass stable culture'. The results observed from these stable transfectants are consistent with those from transient transfectants ( Figure 3a) . The UVC-induced AP-1 activity in the B82 and B82M721 transfectants showed similar induction increase of AP-1 activity to that of B82L transfectants (Figure 3a ) (P40.05). These data further support the conclusion that EGFR is not necessary for UVC-induced AP-1 activation.
The UV-induced AP-1 activity is mediated by induction of c-Jun and c-Fos expression as well as post-translational modi®cations of c-Jun (Devany et al., 1991 (Devany et al., , 1992 Radler-Pohl et al., 1993) . Shah et al., reported that UVB induced an immediate early response of c-fos which is down-regulated within 2 h. A strong second phase of c-fos expression with a maximum at 8 h returned to control levels after 24 h (Shah et al., 1993) . Similar prolonged dynamic changes were observed in UVC-induced AP-1 activity in JB6 P + cells (C Huang and Z Dong, unpublished data). To be sure that the EGFR-independent manner of UVCinduced AP-1 activity is consistent, we performed a time course and dose response study of UVC-induced AP-1 activation in AP-1 reporter stable transfectants. The UVC-induced AP-1 activity in B82 mass2 was not signi®cantly dierent from that of B82M721-mass2 and B82L-mass2 cells, in the dose range 15 ± 90 J/m 2 ( Figure 3c ), and after exposure of 1 ± 48 h ( Figure  3b ). All experiments were performed with control EGF and EGF-induced AP-1 activation in B82L cells, but not in B82 or B82M721 cells (Figure 3b ). These results argue strongly that UVC-induced AP-1 activity is not dependent on EGFR or tyrosine kinase of the EGFR.
UVC-induced AP-1 activation is blocked by antisense of murine PKCz but not by pretreatment with TPA Down-regulation of PKC by pretreatment of cells with TPA blocks TPA-induced signal transduction, but not UVC-induced signal transduction (Sachsenmaier et al., 1994; Angel, 1995; Devary et al., 1991) . This has been interpreted as key evidence supporting the concept that PKC is not involved in the UVC-induced signal transduction pathway. However, this point of view requires further testing because phorbol ester can only down-regulate cPKC and nPKC, but not aPKC (Newton, 1995; Stable and Parker, 1991) . Pretreatment of JB6 cells with 20 ng/ml TPA for 30 h completely blocked TPA-induced AP-1 activity (P50.05), but did not block UVC-induced AP-1 activity (Figure 4 ) (P40.05). These experiments can rule out the involvement of cPKC and nPKC in UVCinduced AP-1 activation, but cannot rule out the role of aPKC or other unknown phorbol ester insensitive PKCs in UVC-induced AP-1 activation.
To test the role of aPKC in the UVC-induced AP-1 activation, we ®rst investigated the eect of antisense oligonucleotides of PKCz on UVC-induced AP-1 activation. As shown in Figure 5 , a signi®cant inhibition of UVC-induced AP-1 activity and of PKCz protein expression was observed in a stable AP-1 reporter transfectant, JB6 P + 1-1, after cells were exposed to 10 mM of mouse PKCz antisense oligonucleotides, while no signi®cant inhibition of TPAinduced AP-1 activity and PKCa protein expression was found by the same concentration of mouse PKCz antisense oligonucleotides. No signi®cant inhibition of 4 of murine ®broblasts in 10% FBS DMEM were seeded to each well of 6-well plates. After being cultured at 378C for 12 ± 14 h, the cells of each well were transiently transfected with 3 mg of AP-1 luciferase reporter plasmid together with 0.3 mg of bgalactosidase plasmid. After 12 h, the medium was replaced with 10% FBS DMEM and cultured for additional 12 h. The cells were starved in serum-free DMEM for 24 h. Then, the cells were or were not exposed to 30 J/m 2 of UVC or 20 ng/ml of EGF. The cells were extracted with lysis buer 24 h later, and the luciferase activity was measured as described by Promega. The luciferase activity was corrected with b-galactosidase activity and the results are shown with relative AP-1 activity aPKC and EGFR in UVC-induced signal transduction C Huang et al UVC-induced AP-1 activity and PKCz protein expression was seen in cells treated with the same concentration of mouse PKCz sense oligonucleotides. These results suggest that PKCz is involved in UVCinduced AP-1 activation in JB6 cells.
UVC-induced AP-1 activation is inhibited by overexpressing dominant negative aPKC aPKC lacks the C2 domain making its kinase activity Ca 2+ -independent, and possesses only one zinc ®nger region in its regulatory domain (Ohno et al., 1989) .
Consequently, aPKC does not bind and cannot be activated by diacylglycerol or phorbol ester (Nakanishi and Exton, 1992) . Most PKC inhibitors are ineective with this PKC isozyme (Mariny-Baron et al., 1993) . Evidence from using murine PKCz antisense oligonucleotides suggested that aPKC may be involved in UVC-induced AP-1 activation. To test the hypothesis, we have transfected a well-characterized dominant negative mutant construct of Xenopus PKCl/i (Lozano et al., 1994; Berra et al., 1993) and rat PKCz (Crespo et al., 1995) (Huang et al., 1996c) . The time course and dose response studies of UVC-induced AP-1 activation by using Xenopus PKCl/i mut mass1 and AP-1 mass1 showed that UVC-induced AP-1 activity was almost totally blocked by overexpressing dominant negative PKCl/i under all conditions studied (Figure 6a and b) . The results from introducing rat dominant negative PKCz into JB6 P + cells are consistent with those from using Xenopus PKCl/i (Figure 7 ). These results demonstrate clearly that aPKC is required for UVCinduced AP-1 activation.
Discussion
In the present study, we demonstrated that aPKC is required and that EGFR is not necessary in UVCinduced AP-1 activation. The ®rst conclusion is based on the evidence from using mouse PKCz antisense, a well-characterized dominant negative mutant construct of PKCl/i for Xenopus and of PKCz for rat and downregulation of cPKC and nPKC by pretreatment of cells with TPA. The evidence for the second conclusion is provided by using two EGFR inhibitors, compound 5 methyl ester, and tyrophostin AG1478, and by a transient transfection as well as stable transfection study of the AP-1 activation observed in murine ®broblasts devoid of EGF receptor (B82), and B82 cells expressing wild-type human EGFR (B82L) and tyrosine kinase-de®cient human EGFR (B82M721). The data provide the ®rst clear evidence that the pathway whereby UVC activates AP-1 activity does require aPKC but not the EGF receptor in the cell studied.
The primary target(s) of UVC-induced signals are presently unclear. A major adverse eect of UVC on cells is damage to DNA caused primarily by pyrimidine dimers, leading to either cell death or somatic mutations, which are thought to be one of the initial steps of cancer development. u.v. irradiation not only leads to the destruction of cellular integrity, but also induces speci®c cellular reactions. This induction response includes transcriptional activation, repression of a speci®c expression of some genes, and induction of endogenous virus (Ronai et al., 1990; Angel, 1995) . Based on studies with DNA repairde®cient Xeroderma pigmentosum cells (Schorpp et al., 1984; Stein et al., 1989) DNA damage or by-products have been hypothesized to provide the primary signal transduction pathways mediating u.v. response. However, the rapid UVC activation of signal transduction and other evidence argue strongly against DNA damage as the primary signal (Devary et al., 1992) . In contrast, previous studies demonstrated that exposure of cells to u.v. rapidly activates Src-family tyrosine kinase, followed by activation of the Ha-Ras, the cytoplasmic serine-threonine kinase Raf-1 (Devary et al., 1992; Radler-Pohl, 1993) as well as Jun kinase (JNKs) (Adler et al., 1995; Sanchez et al., 1994; Dhanwada et al., 1995) . This cascade increases the phosphorylation of c-Jun, an important component of AP-1 (Dong et al., 1994a, b; Angel and Karin et al., 1991) . Since c-Src and Ha-Ras are primarily associated with the plasma membrane (Cantley et al., 1991) , it was proposed that the signaling cascade leading to the c Figure 3 UVC-induced AP-1 activity in B82L, B82 and B82M721 cells. 5610 3 cells from dierent AP-1 reporter stable transfectants (as indicated) were seeded into each well of 96-well plates. After being cultured at 378C overnight, the cells were starved for 36*40 h by replacing medium with serum-free DMEM. Then, (a) the cells were or were not treated with either 20 ng/ml of EGF or 30 J/m 2 of UVC. After 24 h, the AP-1 activity was measured. (b) For the time course studies, the cells were or were not exposed to UVC (60 J/m 2 ) or EGF (20 ng/ml), and the AP-1 activity was determined at dierent time points after exposure. (c) For the dose response study cells were treated with the indicated doses of UVC and incubated for 24 h before assaying for AP-1 activity. Each bar (a and c) or point (b) indicates the mean and standard deviation of four repeat assay wells aPKC and EGFR in UVC-induced signal transduction C Huang et al activation of AP-1 by u.v. is initiated at the plasma membrane (Devary et al., 1992) . There is strong evidence supporting this hypothesis that enucleated HeLa cells fully respond to UVC both in activation of JNKs and enhanced DNA binding of NFkB (Devary et al., 1993) . u.v. irradiation induces synethesis and post-translational modi®cation of c-Jun and c-Fos, which together lead to increased AP-1 activity in irradiated mammalian cells . Several studies suggested that UVC-induced signal is transferred to the nucleus via the signaling cascade involving Src-like tyrosine kinase, Ras/Raf kinase, MAP kinase, including JNK (Devary et al., 1992 (Devary et al., , 1993 Radler-Pohl et al., 1993) . Therefore, the primary signal generated by UVC must be initiated from upstream of Ras-Raf because RasRaf plays a central switching role in transmitting dierent original signals, such as TPA, EGF or free radicals. This raises the possibility that PKC or growth factor receptors are involved in UVC-induced cytoplasmic signaling. To answer this question, Sachsenmaier et al. (1994) reported that the inhibition of the UVC-response was observed in HeLa cells by prior down-regulation of EGF receptor signaling by the addition of suramin, or by pretreatment of cells with EGF and that 40 ± 50% of UVC-induced AP-1 activity was blocked by transient transfection of a dominant negative mutant of the EGF receptor. Thus, it was proposed that the EGF receptor is a major component in UVC-induced signal transduction in HeLa cells. In our study, we ®rst investigated the eect of compound 5-methyl ester and tyrophostin AG1478, two speci®c 1-1 cells suspended in 5% FBS MEM were added to each well of 6-well plate. After being cultured overnight, the cells were treated with 10 mM of sense or antisense oligonucleotides of mouse PKCz for 16 ± 18 h. The cells were washed once with ice-cold phosphate-buered saline and extracted with SDS-sample buer. The cell extracts were separated on an 8% polyacrylamide-SDS gel and then transferred and probed with the rabbit polyclonal IgG against PKCz using ECL detection system aPKC and EGFR in UVC-induced signal transduction C Huang et al EGFR-tyrosine kinase inhibitors Osherov and Levitski, 1994) on UVC-induced AP-1 activity in mouse epidermal JB6 P + AP-1 reporter (773/63 Col-Luc) stable transfectant, P + 1-1. There was no signi®cant inhibition of UVC-induced AP-1 activity observed in P + 1-1 by these two inhibitors. Furthermore, we used a well-characterized murine ®broblast B82 and its variants in AP-1 reporter transient transfection as well as stable transfection studies. Our results demonstrated that high levels of UVC-induced AP-1 activity were observed in B82 cells expresing wild-type human EGFR (B82L), and B82 cells expressing a kinase-de®cient human EGFR (B82M721) as well as parental B82 cells devoid of EGFR. This result was further con®rmed by investigation of AP-1 DNA binding activity and time course and dose response studies of UVC-induced AP-1 activation among B82L, B82M721 and B82 cells. The reason for the dierences between the results of our studies and those from others may be attributed to the dierent cells used. In our study, we used a mouse epidermal tumor-promoter sensitive JB6 P + cell line and the murine ®broblast B82 and its derivatives transfected with single gene or mutant gene, while previous studies used HeLa cells, a full transformed cervix-derived carcinoma cell line (Sachsenmaier et al., -1 mass1) or AP-1 reporter and Xenopus PKCl/i stable transfectant (Xenopus PKCl/i-mass1) were seeded into each well of 96-well plates. After being cultured at 378C overnight, the cells were starved for 12 h by replacing medium with 0.1% FBS MEM. (a) For the dose response study, cells were treated with the indicated dose of UVC and incubated for 24 h before assaying for AP-1 activity. (b) For the time course study, the cells were or were not exposed to 60 J/m 2 of UVC. The AP-1 activity was determined at the time points after cell exposed to UVC irradiation and the results were presented as relative AP-1 activity. Each bar (a) or point (b) indicates the mean and standard deviation of four repeat assay wells Figure 7 Blocking of UVC-induced AP-1 activity by overexpression of dominant negative rat PKCz. 5610 3 cells from AP-1 reporter transfectant (P + 1-1) or AP-1 reporter and rat PKCz cotransfectant (rat PKCz DN mass1) were seeded into each well of 96-well plates. After being cultured at 378C overnight, the cells were starved for 12 h by replacing medium with 0.1% FBS MEM. The cells were then treated with 60 J/m 2 of UVC and incubated for 24 h before assaying for AP-1 activity. The AP-1 activity was determined and presented as Figure 7 aPKC and EGFR in UVC-induced signal transduction C Huang et al 1994). Nevertheless, our results provide evidence that the EGF receptor is not necessary for UVC-induced AP-1 activation.
The binding of phorbol ester to their receptors decreases the binding capacity of the latter on subsequent exposure to phorbol esters. This phenomenon is well known and widely used as speci®c downregulation of the PKC activity and has been observed in a variety of cells (Solanki, 1981a, b; Chida and Kuroki, 1983; Collins and Rozengurt, 1982) . Previous studies from dierent groups revealed that decay of protein kinase C after treatment of cells with TPA could not prevent the second response of the cells to UVC irradiation, while it blocked signals upon restimulation of TPA (BuÈ scher et al., 1988; Sachsenmaier et al., 1994) . In the present study, we have repeated this experiment in a JB6 cell system. Pretreatment of JB6 cells with 20 ng/ml of TPA for 24 ± 36 h did not block UVC-induced AP-1 activity, while completely blocking the TPA-induced AP-1 activity. These experiments can rule out the involvement of cPKC and nPKC in UVC-induced AP-1 activation, but cannot rule out the role of aPKC or other unknown phorbol ester insensitive PKCs in UVC-induced AP-1 activation, because phorbol ester can only down-regulate cPKC or nPKC but not aPKC. The aPKC family is composed of PKCl/i and PKCz (Akimoto, 1994; Ohno, 1989) . The PKCl/i and PKCz show a high degree of homology in both the catalytic and regulatory domains in dierent species (Nishizuka, 1992) . Most recently, Diaz-Meco (1996) reported that the cloned cDNA originally named by themselves as Xenopus, PKCz shows the highest degree of homology with PKCl/i. Thus, this cloned cDNA from Xenopus is actually Xenopus PKCl/i. The results from the same report showed that the either dominant mutant of PKCl/i or the dominant negative mutant of PKCz could block the tumor necrosis factor-a-induced NFkB activation. In the present study, we ®rst investigated the eect of mouse PKCz antisense oligonucleotides on UVC-induced AP-1 activation. A marked inhibition of UVC-induced AP-1 activity was observed in JB6 cell system after cells were exposed to 10 mM of mouse PKCz antisense oligonucleotides. No signi®cant inhibitory eect of mouse PKCz antisense oligonucleotides on TPA-induced AP-1 activity or with mouse PKCz sense oligonucleotides on UVC-induced AP-1 activity was found in our system. Furthermore, we have transfected a well characterized dominant negative mutant construct of Xenopus PKCl/i (Lozano et al., 1994; Berra et al., 1993) into JB6 cells. Transfection of Xenopus dominant negative mutant PKCl/i blocks UVC-induced AP-1 activation completely. We also established mass stable cultures of rat PKCz dominant negative mutant. The results observed from these stable transfectants are consistent with that from transfectants by using dominant negative mutant PKCl/i. Taken together, the data from our study argue strongly that a PKC is required in UVC-induced AP-1 activation.
In summary, the data presented in this study provide the ®rst evidence that the pathway whereby UVC activates AP-1 activity does require aPKC but not the EGF receptor. Although the upstream eector of aPKC in UVC signal transduction cascade is not known, there are a number of known activators of aPKC. Native PKCz is known to be activated by lipid second messengers such as phosphatidic acid, phosphatidylinositol 3,4,5-P 3 and ceramide (Nakanishi and Exton, 1992; Nakanishi et al., 1993; Lozano et al., 1994; Muller et al., 1995) . In terms of in¯ammatory cytokines such as interleukin-1 or tumor necrosis factor-a (Hannun, 1994; Kolesnick and Golde, 1994) signaling involves the binding and activation of PKCz by ceramide. Very recently, Verheij et al. (1996) demonstrated that UVC irradiation rapidly induces an increase in ceramide in a dose-dependent manner and exposure of cells to C 2 ceramide induced concentration-dependent JNK activation, which is a key component in UVC-induced signal cascades, to as much as 40-fold more than the control (Verheij et al., 1996) . In our system, C 2 -ceramide was also shown to induce AP-1 activation (Huang, CS and Dong ZG, unpublished data) . Further study on the precise mechanism by which UVC irradiation is absorbed and triggers signal transduction pathways should help in understanding the basis of UVC-induced skin disease such as cancer.
Materials and methods

Plasmids and reagents
AP-1 luciferase reporter plasmid (773/+63 collagenase promoter-luciferase) and CMV-neu marker vector plasmid were constructed as previously reported (Dong et al., 1995a, b) . A sequence of the collagenase promoter region [773/+63 containing one AP-1 binding site (TGAGTCA)] was excised from a collagenase-AP-1 CAT construct as reported (Angel et al., 1987b) and then inserted into the luciferase reporter vector PG12-basic (Promega) to construct AP-1 luciferase reporter. Mutation of this AP-1 binding site caused the loss of this reporter in response to TPA and UVC (Angel et al., 1987b; Stein et al., 1989) . Xenopus PKCl/i mutant plasmid (CMV, Zn, PKCz mut) was a generous gift from Dr Jorge Moscat, Cienti®cas-Universidad Autonoma de Madrid, Spain; and rat PKCz mutant plasmid was kindly provided by JS Gutkind, Laboratory of Cellular Development and Oncology, National Institute of Dental Research, NIH, Bethesda, MD; fetal bovine serum (FBS), LipofectAMINE and G418 were from GIBCO BRL; Eagle's minimal essential medium (MEM), Dulbecco's modi®ed Eagle's medium (DMEM) was from Calbiochem.; EGF was from Collaborative Research; and luciferase substrate was from Promega.
Cell culture
JB6 P
+ mouse epidermal cell line, Cl 41, stable AP-1 luciferase reporter plasmid transfected mouse epidermal JB6 P + cell, P + 1-1 were cultured in monolayers at 378C, 5% CO 2 using Eagle's minimal essential medium containing 5% fetal calf serum, 2 mM L-glutamine and 25 mg of gentamicin per ml. B82, B82L and B82M721 murine ®broblasts were cultured in 10% FBS DMEM supplemented with 2 mM L-glutamine and 100 U of penicillin, 100 mg of streptomycin per ml (Dong et al., 1994a (Dong et al., , 1995a .
Transient transfection of B82 and B82L
Murine ®broblasts in 10% FBS DMEM medium were seeded 5610 4 to each well of 6-well plates. After being cultured at 378C for 12 ± 14 h, the cells of each well were transiently transfected with 3 mg of AP-1 luciferase reporter plasmid together with 0.3 mg of b-galactosidase aPKC and EGFR in UVC-induced signal transduction C Huang et al plasmid. After 12 h, the medium was replaced with 10% FBS DMEM and cultured for an additional 10 ± 12 h. The cells were starved in serum-free medium for 24 h. Then, the cells were or were not exposed to UVC (30 J/m 2 ) or EGF (20 ng/ml). The cells were extracted with lysis buer 24 h later, and the luciferase activity was measured as suggested by Promega. The luciferase activity was corrected with bgalactosidase activity and the results were shown with relative AP-1 activity as described previously (Dong et al., 1994a (Dong et al., , 1995a .
Generation of stable cotransfectants with AP-1 reporter and dominant negative PKCl/i or PKCz mutants JB6 P + , Cl 41, were cultured in a 6-well plates until they reached 85 ± 90% con¯uence. We used 2 mg of AP-1 luciferase reporter plasmid and 0.3 mg of CMV-nue marker vector with 6 mg of dominant negative Xenopus PKCl/i mutant or dominant negative rat PKCz mutant and 15 ml of LipofectAMINE reagent to transfect each well in the absence of serum. After 10 ± 12 h, the medium was replaced with 5% FBS MEM. Approximately 30 ± 36 h after the beginning of the transfection, the cells were trypsinized with 0.033% trypsin and the cell suspensions were transferred to 75 ml culture¯asks and cultured for 24 ± 28 days with G418 selection (300 mg/ml). The speci®c aPKC proteins in stable transfectants were detected by Western blot as described in previous report (Huang et al., 1996c) . Stable transfected cells were cultured in G418-free MEM for at least two passages before each experiment.
Generation of stable transfectants with AP-1 reporter in B82L, B82 or B82M721 cells B82, B82L or B82LM721 cells were cultured in a 6-well plates until they reached 85 ± 90% con¯uence. We used 2 mg of AP-1 luciferase reporter plasmid and 0.3 mg of CMV-nue marker vector with 15 ml of LipofectAMINE reagent to transfect each well in the absence of serum. After 10 ± 12 h, the medium was replaced with 10% FBS DMEM. Approximately 30 ± 36 h after the beginning of the transfection, the cells were trypsinized with 0.033% trypsin and cell suspensions were transferred to 75 ml culturē asks and cultured for 24 ± 28 days with G418 selection (300 mg/ml). Stable transfectants were screened by assay of the luciferase activity. The cell clones were ring-isolated and transfected to 12-well tissue culture dishes with 10% FBS DMEM containing 500 mg/ml G418. Stable transfected cells were cultured in G418-free MEM for at least two passages before each experiment.
Sense and antisense oligonucleotides
The sense and antisense phosphorothioate analogs of oligonucleotides to the 5' end of the mouse PKCz, including the ATG initiation codon (18-mer), were synthesized using an automated synthesizer (Oligo 1000, Beckman). The sequences were 18 base pairs long with the sense sequence being 5'-ATG-CCC-AGC-AGG-ACG-GAC-3' and the antisense 5'-GTC-CGT-CCT-GGG-CAT-3' (Goodnight et al., 1992) .
Assay for AP-1 activity
Con¯uent monolayers of AP-1 reporter stable transfectants were trypsinized and 5610 3 viable cells suspended in 100 ml 5% FBS MEM for JB6 cells or 10% FBS DMEM for B82 cells and its derivatives were added into each well of a 96-well plate. Plates were incubated at 378C in a humidi®ed atmosphere of 5% CO 2 and 95% air. Twelve to twentyfour hours later, cells were starved for 12 ± 40 h prior to exposure to UVC or EGF. The cells were exposed to UVC or EGF at time and dose as indicated. The cells were extracted with lysis buer and luciferase activity was measured as previously described (Dong et al., 1995a, b) . The results were expressed as relative luciferase units (RLU) or relative AP-1 activity. Relative AP-1 activity was presented as the fraction of the luciferase activity in uninduced control cells.
